Abstract: The exchange charge model of crystal field theory has been used to analyze the ground and excited state absorption of tetrahedrally coordinated Cr 4+ ion in lithium aluminum oxide LiAlO 2 (γ-phase) and lithium dioxogallate LiGaO 2 . The parameters of the crystal field acting on the Cr 4+ ion are calculated from the crystal structure data, taking into account the crystal lattice ions located at distances up to 12.744Å in LiGaO 2 and 13.180Å in LiAlO 2 . The obtained energy level schemes were compared with experimental ground and excited state absorption spectra and literature data on the application of other crystal field models (the angular overlap model and Racah theory) to the considered crystals; a good agreement with experimental data is demonstrated.
Introduction
Transition metal ions have been used for a long time as activator ions for tunable solid state lasers covering a wide spectral domain, from the visible to the infrared. Such a wide tuning is due to a strong interaction between their open 3d-electron shell and crystal lattice vibrations, which gives rise to very broad bands of spin-allowed transitions in absorption spectra of crystals doped with these ions. Cr 4+ -doped hosts have been a subject of numerous thorough investigations since the late 1980's [1] [2] [3] [4] [5] . Efficient laser oscillations at room temperature were observed in Mg 2 SiO 4 [1, 2] , Y 3 Al 5 O 12 [4, 5] , Y 3 Sc 0.5 Al 4.5 O 12 [6] , Y 2 SiO 5 [7] , and Ca 2 GeO 4 [8] . Recently, a detailed spectroscopic study of optical properties of LiAlO 2 :Cr 4+ and LiGaO 2 :Cr 4+ was published [9] . In these hosts the Cr 4+ ion can occupy tetrahedrally coordinated lattice sites only. The presence of the vacancies of only one type makes these crystals ideal for the investigation of spectroscopic features of transition-metal ions in the four-fold coordination. In addition to the experimental spectroscopic studies, the authors of Ref. [9] used the angular overlap model (AOM) [10] [11] [12] to calculate the energy levels of the Cr 4+ ion. Crystal field analysis of the ground state absorption in the above-mentioned hosts by means of the Racah theory was performed in [13] and [14] . The above two models employ at least several fitting parameters that are defined a posteriori by numerically fitting the calculated energy levels to the observed ones. A large number of fitting parameters may produce an ambiguity in their numerical values; that is why quite different values of the Racah parameters and crystal field parameters, even for the same impurity center, can often be found in the literature. The exchange charge model (ECM) of the crystal field [15] gives a method to overcome this difficulty, at least in determining the crystal field parameters, since they are not fitted to the experimental energy levels, but calculated directly from the crystal structure data, with one fitting parameter only. Such a significant reduction in fitting parameters is a substantial advantage of the ECM.
The ECM was used in [16] to analyze the crystal field splitting of the Cr 4+ lowest terms in LiAlO 2 and LiGaO 2 . In the present paper, in addition to the results obtained in [16] we perform an analysis of the excited state absorption of Cr 4+ in the title hosts and calculate the complete energy level scheme for the Cr 4+ ion, including the spin-singlet states as well. Besides, the crystal field parameters calculated in [16] while taking into account the contributions from the nearest ligands only (that is, four oxygen ions), are computed more precisely, including 694 ions in the LiAlO 2 crystal and 675 ions in LiGaO 2 . The importance of the second and further coordination spheres for improvement of the crystal field theory results was emphasized in [9] and [17] . This paper is organized as follows: first, we start with a short review of the crystal structure and spectroscopy of the title host; second, we briefly describe the model used in the calculations; third, we present the results of calculation in comparison with experimental data; and, finally, we conclude the paper with a short summary.
2 Short summary of experimental data on crystal structure and spectroscopy of LiAlO 2 :Cr 4+ and LiGaO 2 :Cr
4+
Lithium aluminum oxide LiAlO 2 crystallizes in three different structures [18] , and the tetragonal γ-phase is stable. The space group is P 4 1 2 1 2, and the unit cell has the dimensions a = 0.51687 nm, c = 0.62679 nm. The crystal structure, including interatomic distances and angles, was analyzed in [19] . Tetravalent chromium substitutes for trivalent aluminum, entering deformed tetrahedron formed by four oxygen ions, with the site symmetry being C 2 . Since the charges of Al 3+ and Cr 4+ are different, Li vacancies are required for the charge compensation. The LiAlO 2 γ-phase crystal structure is shown in Fig. 1 .
Lithium dioxogallate LiGaO 2 crystallizes in two different structures [18] , and the orthorhombic β-phase is stable under normal pressure. The space group is Pna2 1 , and the unit cell has the dimensions a = 0.5402 nm, b = 0.6372 nm, and c = 0.5007 nm [20] . Tetravalent chromium substitutes for trivalent gallium with the site symmetry C 1 , and again, as in the previous case, lithium vacancies, are required for the charge compensation. The LiGaO 2 β-phase crystal structure is shown in Fig. 2 .
A Tanabe-Sugano diagram [21] for a 3d 2 -ion in an ideal tetrahedral field is shown in Fig. 3 . It follows from this diagram that three spin-allowed transitions from the ground spin-triplet state should be seen in the experimental spectra, and indeed, spectroscopic measurements of the ground state absorption (GSA) performed in [9] revealed the absorption bands between 300 and 500 nm, 550 and 850 nm, and at around 1000 nm for both crystals. The observed bands are ascribed to the transitions from the ground orbital singlet 3 A 2 of the Cr 4+ ion to the states arising from orbital triplets 3 T 1 ( 3 P), 3 T 1 ( 3 F), and 3 T 2 ( 3 F), respectively. All these transitions are dipole-allowed in C 2 symmetry and exhibit strong polarization dependence [9] .
3 Crystal field calculations for LiAlO 2 :Cr 4+ and LiGaO 2 :Cr
Energy levels of the Cr 4+ ion in this work are represented by the eigenvalues of the following crystal field Hamiltonian [15] :
where O k p are the linear combinations of irreducible tensor operators acting on angular parts of the Cr 4+ ion wave functions, and B k p are crystal field parameters containing all information about the geometrical structure of an impurity center. As formulated in [15] , these parameters can be written as a sum of two terms:
The first contribution is due to the electrostatic interaction between optical electrons of an impurity ion and ions of a crystal lattice (treated as point charges, without taking into account their electron structure), and the second one is proportional to the overlap of the wave functions of an impurity ion and ligands. In other words, this term includes all effects of the covalent bond formation and exchange interaction. Inclusion of these effects significantly improves an agreement between calculated and experimentally observed energy levels. Expressions for calculating both contributions to the crystal field parameters in the case of a 3d-ion are as follows [15] : The sums are carried out over lattice ions denoted by i, with charges q i ; (R(i), θ(i), ϕ(i)) are the spherical coordinates of the i-th ion of crystal lattice in the system of reference centered at the impurity ion. The averaged values r p of the p−th power of the impurity ion-electron radial coordinate can be found in Ref. [22] . The values of the numerical factors (K k p , γ p ) and expressions for the polynomials V k p are given in [15] . The overlap integrals between d-functions of the central ion and p-and s−functions of the ligands are denoted by (S s , S σ , S π ) (They correspond to the following integrals (in lm| l ′ m
adjustable parameters of the model, which are determined from the positions of the first three absorption bands. For practical purposes, it is sufficient to assume they are equal to each other: G s = G σ = G π = G (in this case only the first absorption band is required to determine the value ofG), and in this paper we use this simplified model. The strong advantage of the ECM is that if the G parameter is determined from a fit to the first absorption band, the higher energy levels will also fit experimental spectra fairly well. The ECM has been successfully applied to the calculations of the energy levels of the rare earth [15, [23] [24] [25] [26] and transition metal ions in different hosts [27] [28] [29] [30] [31] , and to the analysis of the electron-phonon coupling and non-radiative transitions [32] [33] [34] .
Since the second rank point charges parameters B (4)), only the nearest ligands were taken into account, since the overlap between an impurity ion and ligands from other than the first coordination sphere can be safely neglected.
Using Eq. (1)- (4) [13] ) and β = 0.41 for LiGaO 2 :Cr 4+ , known as the nephelauxetic effect [36] -is caused by covalency. This is due to the formation of the covalent bond between the impurity ion and ligands; the Coulomb interaction between impurity ion electrons becomes weaker. This reduction for the Cr 4+ ion is larger than, for example, for the isoelectronic V 3+ ion, for which this parameter is β=0.59 [13] . A stronger nephelauxetic effect for the Cr 4+ ion indicates a higher degree of covalency compared with trivalent vanadium, and serves as another justification for the application of the ECM for the considered cases. The adjustable parameter G was defined by fitting the calculated splittings to the experimental ones, and turned out to be 6.6195 for LiAlO 2 :Cr 4+ and 9.260 for LiGaO 2 :Cr 4+ ,which is also close to the one reported for the [CrO 4 ] 4− cluster in [28] . Finally, the energy levels obtained are listed in Tables 3 and 4 , in comparison with experimental measurements [9] and results of the angular overlap model [9] and crystal field analysis based on Racah theory [13, 14] . To evaluate the quality of the correspondence between the calculated and observed energy levels, the root mean squared (rms) deviation for all calculated sets of energy levels was calculated as follows:
where E obs k and E calc k are the observed and calculated energy values for the k−th level, and N is the number of the observed levels.
Since the absorption bands of the Cr 4+ ion in both crystals are very broad, we calcu-lated the average values of energy for the groups of states arising from the orbital triplets 3 T 1 ( 3 P), 3 T 1 ( 3 F), and 3 T 2 ( 3 F) after they are split by the low-symmetry component of the crystal field. The overestimation of the positions of energy levels arising from the 3 T 1 ( 3 P) orbital triplet seems to be too large. This can be explained by the fact that the absorption bands corresponding to the 3 A 2 -3 T 1 ( 3 P) transition are very weak, and not all three lines are observed in the experimental spectra. Therefore, correct averaging over all three existing states cannot be performed from experimental data. From the average position of the 3 T 2 ( 3 F) energy level, we estimated the crystal field strength Dq to be equal to 1051 cm -1 for LiAlO 2 and 1057 cm -1 for LiGaO 2 , which is in favorable agreement with the results of Ref. [9] (1065 cm -1 and 1055 cm -1 , respectively). Ratios Dq/B are equal to 2.14 for LiAlO 2 and 2.41 for LiGaO 2 ; these values are shown in Fig.  3 by the solid and dashed lines, respectively.
The energy levels arising from 1 T 2 ( 1 D) and 1 T 1 ( 1 G) are strongly mixed and overlap with each other and even with the 3 T 1 ( 3 P) levels (Table 3) in LiAlO 2 , whereas in LiGaO 2 all these groups of levels are well separated. This is evidently due to a greater value of the Racah parameter C in LiGaO 2 .
For calculating the rms deviation we took into account the experimental energy levels (8 levels for LiAlO 2 and 7 levels for LiGaO 2 ) and mean experimental values of the triplet energies (three for each crystal); the values of σ are given in the last rows of Tables 3 and  4 . Rather large values of σ (for example, for rare-earth ions they are of the order of 10 -20 cm −1 ) are due, first, to a relatively small number of the observed energy levels for 3d-ions in comparison with rare-earth ions, for which this number is greater than 100, and, second, broad absorption bands in the spectra of 3d-ions in crystals.
When comparing the rms deviations for different models of calculations, only one parameter G of the ECM was allowed to vary freely in our calculations. Comparison of the results of the ECM, the angular overlap model, and crystal field analysis based on Racah theory (see Tables 3 and 4) shows that the first one provides better agreement with experimental data, since deviation of its averaged results from the experimental values is the smallest among all above models, excepting the case of the crystal field analysis based on Racah theory, applied to the LiGaO 2 :Cr 4+ crystal. This leads to the conclusion that covalent bond formation between the Cr 4+ and O 2− ions (which is taken into account by means of the overlap integrals calculation) plays a very important role in the formation of the optical properties of Cr 4+ -doped LiAlO 2 and LiGaO 2 . Excited state absorption (ESA) measurements for both crystals were performed in [9] . They took only spin-allowed transitions into account. Therefore, up to six broad bands may be expected in the ESA spectra for each host. These bands should correspond to the transitions from the lowest level of the 3 T 2 ( 3 F) manifold (after it is split by the low-symmetry component of the crystal field) to six levels arising from the 3 T 1 ( 3 F) and 3 T 1 ( 3 P) states. The positions of these six levels were experimentally determined in [9] and, in addition, two crystal field models (angular overlap model (AOM) and the GSA and Tanabe-Sugano matrices) were employed by the authors of Ref. [9] to estimate the positions of the upper energy levels involved in the ESA. The same energies were defined in the present work, from the results of the ECM calculations, as the differences between corresponding pairs of the energy levels from Tables 3 and 4. In the same way, the ESA energies were defined from data of Ref. [13] and [14] . All the data are summarized in Tables 5 and 6 . Again, since the ESA transitions are spin-allowed and, therefore, broad, we calculated the mean values of the transition energy for both triplets 3 T 1 ( 3 F) and 3 T 1 ( 3 P). Tables 5 and 6 show that the AOM results are too far to reproduce well the experimentally observed energy levels [9] . As one of the possible reasons, the authors of Ref. [9] supposed that either the Racah parameters Band Cshould be changed or other effects should be taken into account. Most probably, this underestimation is due to the AOM limitations, since the values of the Racah parameters obtained in [9] resulted in a satisfactory agreement between the observed and estimated energy levels, if the Tanabe-Sugano matrices were used [9] . Moreover, the same as in [9] , values of the Racah parameters were used in the present paper in the ECM, and the agreement with experimental data is quite satisfactory. The rms deviation for the results of the ECM is significantly smaller than the rms deviation for the AOM results, 2-3 times greater than the results of the GSA calculation in [9] , and comparable with the rms deviation obtained from the results of Refs. [13, 14] . Taking into account different numbers of fitting parameters used in the present work and in the above-cited, the results obtained should be considered quite satisfactory. The singlet-states levels, which are also calculated in the present paper, can be used for an analysis of the GSA and ESA absorption, if the experiments for detecting the spin-forbidden transitions in the crystals studied in the present paper would be performed. From the results of GSA calculations, the emission transition for both crystals can be estimated at around 8500 -10000 cm −1 , thus overlapping the ESA spectral range. This confirms the conclusion obtained in [9] that these materials are unlikely to exhibit laser oscillations.
Conclusion
Calculations of the crystal field parameters and complete energy level structure (including crystal field splitting of all 5 terms of 3d 2 electron configuration) of the tetrahedrally coordinated Cr 4+ ion in LiAlO 2 and LiGaO 2 were performed in the framework of the ECM of the crystal field, which has only one adjustable parameterG, describing the overlap between wave functions of the central ion and ligands. The energy levels obtained are in good agreement with experimental data, showing the importance of the overlap effects for interpreting the optical spectra of LiAlO 2 :Cr 4+ and LiGaO 2 :Cr 4+ . Comparison of the GSA, ESA, and calculated energy levels shows that the ECM, with its possibility of explicit inclusion of the overlap integrals into an expression for the calculation of crystal field parameters, provides an adequate description of the energy levels scheme of Cr 4+ in both studied crystals. 
